A laser gyro having a laser source for providing laser energy includes a laser gain device for receiving lasing energy and generating first and second counterpropa gating laser pulses along a common optical path. A detector detects at least one of the pulses and generates an index of refraction control signal representative of the detected at least one laser pulse. The index of refrac tion of a segment of the optical path is varied in re sponse to the index of refraction control signal such that the index of refraction of the segment of the optical path changes an optical path length for one of the laser pulses. A detector senses the beatnote between the first and second counterpropagating laser pulses. The present invention relates generally to ring laser sensors, including rotation sensors, laser gyros, fluid velocity sensors and magnetic field sensors. In this con text, the invention provides a laser gyro including a resonant cavity dither with index of refraction modula tor.
BACKGROUND OF THE INVENTION
The present invention exploits principles discovered by the inventors in investigating the gyroscopic re sponse of a femtosecond ring dye laser operating on a rotating platform. The investigation was carried out at the University of New Mexico Physics and Astronomy Department. Expected advantages of a mode-locked laser gyro over a conventional CW laser gyro include smaller coupling between the two counterpropagating waves and the absence of mode competition in a homo geneously broadened gain medium. Both features are a result of the fact that the two counterpropagating pulses in a passively mode-locked laser cavity only meet at two points, both outside of the gain medium. However, in a passively mode-locked laser, a strong coupling between two counterpropagating waves establishes the crossing point between the two pulses. It is therefore logical to expect that this same coupling may result in a lock-in of the gyro response.
It is well known in the art that a propagating light pulse will experience a path length that is proportionate to the index of refraction of the optical medium in which it is traveling. The present invention exploits this phenomenon to avoid a lock-in of the gyro response.
It is therefore a motive of the invention to avoid the lock-in of a laser gyro using a resonant cavity dither with index of refraction modulator.
SUMMARY OF THE INVENTION
A laser gyro having an index of refraction modulator in the optical path of the laser is provided. The index of refraction modulator in the optical path of the laser gyro modulates the pulse train traveling through the optical waveguide. The modulation is controlled by a selective modulation signal to vary the effective optical path length of the laser. The optical path length is var ied such that the opposite traveling pulses do not pass through an absorber in the optical path length at the same frequency. This avoids cross coupling between opposite traveling pulses. Modulators created from a crystal, either an electro-optical crystal or a semicon ductor, vary the index of refraction in response to the pulses. The synchronization of the index of refraction is obtained through optical or electronic delays. An ava lanche photodiode detector is included which may also be integrally connected to the crystal. In one preferred embodiment of the invention the absorber can optionally be a multiple quantum well device. This device in combination with laser gain me dium 16 provides high frequency narrow pulses. A good description of the generation of subpicosecond high power optical pulses from hybrid mode lock semi Once generated, the pulses 46 and 28 are directed by mirror 50 in one direction along optical path 12 to out put coupler 34. Output coupler 34 then directs pulse two 46 to corner mirror 40 which directs it to mirror 42 and subsequent detector 44. In the opposite counter rotating direction pulse one 28 is sent first through a prism 24 to shorten the pulse using techniques well known in the art. The prism then directs the shortened pulse to an index of refraction modulator 80. Pulse one 28 then propagates through a second prism 32 to be further narrowed and shortened, then progresses through output coupler 34 to mirror 36 through mirror 42 to detector 44. At detector 44 two pulses interfere to create beat note 45. The gyroscopic response of the laser gyro 10 is detected by detector 44 as beat note 45.
With the index of refraction modulator 80 statically set at one index of refraction, the laser gyro 10 will lock-in at low relative rotation rates.
The invention includes an index of refraction modula tor 80 which changes the optical path length of one of the propagating pulses. In this embodiment of the in vention pulse one 28 will propagate through the index of refraction modulator 80 when the index of refraction modulator has a higher index of refraction. This is con trolled by the synchronized existence of a similar timed pulse occurring at detector 84. The laser path 12 is extended through mirror 52 through detector 84 where 5,251,230 3 the existence of a pulse on detector 84 will propagate through, in this case the wire 82, as an electrical signal and modulate the index of refraction modulator 80 in response to the pulse signal 30. The timing of the con trol pulse 30 along signal line 82 in one preferred em bodiment of the invention may be adjusted by varying the length of the interconnect wire 82. Also, the dis tance between the detector 84 and the mirror 52 may be adjusted. Those skilled in the art will recognize that other sensing mechanisms may be used to sense the existence of the pulse along the optical path.
The index of refraction modulator 80 can be alter nately a Pockel cell which is well known in the art.
Lock-in of the two signals is avoided by choosing the index of refraction bias great enough such that the beat note 45 is much above the lock-in rate. Thus, when the Pockel cell 80 is at a higher index of refraction the net effective path length of pulse one 28 is increased thereby avoiding lock-in. The gyroscopic response or scale factor 9 of a ring laser is the ratio of the beat note Av (in Hz) between the counterpropagating modes in the laser, to the rotation rate 2 (in radian/s) of the laser support. In the case of a femtosecond (fs) laser, accurate delay lines have to be used to make the pulse trains corresponding to the two opposite senses of rotation interfere on the detector 44.
A beat note between the two fs-pulse trains is readily, understood in the frequency domain. Each pulse train 28 and 46 corresponds to a comb of equally spaced spectral lines which are called laser modes. The spectral combs of the two pulse trains are identical but shifted with respect to each other by a small amount due, for example, to a rotation of the laser gyro 10. The beat note is a measure of the relative shift between the two spectral combs. If A is the ring laser area, Pits parame ter and A the wavelength, the gyroscopic response is given by:
The gyro response of the mode-locked laser of the invention is shown in FIG. 3. FIG. 3 shows a plot 300 of the beat frequency on abscissa 302 versus the rotation rate on ordinate 304. The pulse duration is about 100 fs. The beat frequency 45 is obtained by overlapping the two pulse trains 46 and 28 temporally and spatially on a slow photodiode 44 via an extracavity delay, as shown in FIG. 1 . The data confirm the absence of measurable dead band noted on measurement of Fresnel drag. By careful alignment of the laser gyro 10, the natural bias (i.e. the beat note frequency for the laser at rest) of the laser can be eliminated up to the uncertainty due to the earth rotation rate (0.035/s).
At beat frequencies close to the lock-in threshold, the waveform is distorted, and there is strong amplitude modulation of each of the counter-rotating pulse trains. The width of the dead band is, as expected, of the order of the pulse length (i.e. 50 um). By feeding an output pulse back to the laser cavity with an adjustable delay, it was confirmed that, for different pulse durations, the width of the dead band is indeed equal to the pulse length.
It is expected for a laser gyro that, at low rotation rates, the gyroscopic response vanishes because of scat tering of one beam into the other. If r is the scattering coefficient for the field of one of the laser beams into the counterpropagating laser field, a general upper limit for the lock-in rotation rate sc, is given by:
A great advantage of a mode-locked laser gyro is the feasibility of introducing intracavity elements without disturbing its gyroscopic response, provided that the inserted elements are not located at the pulse crossing points. The Pockel cell 80 (3 kV for A/2 rotation G620 nm) is placed into the optical path 12 at a non-crossing point. An electrical pulse train (pulse duration of 1 ns) from a fast avalanche photodiode 84 detecting one of the laser outputs is applied to the cell 80. With a proper delay line 82, the electrical pulses 30 encounter at the cell with one of the cavity pulses 30. Because the other cavity pulse always arrives at the cell in between the electrical pulses 30, the two counterpropagating cavity pulses 28 and 46 experience different indexes in the cell. Therefore, the bias of the beat frequency 45 of the gyro 10 is modulated by the amplitude and polarity of the electrical pulse 30. The apparatus of the invention is a very sensitive instrument for anisotropic measurement. Because of the feasibility of adding intracavity optics, the laser is suit able for many applications which are not possible with CW ring lasers. In particular, when a sample is located away from the pulse crossing points, any index change induced by, for instance, an electrical or optical pulse train synchronized with one of the cavity pulses can be measured via the beat frequency. In addition, because the cavity pulse is of 100 fs, the above measurement can have a high time resolution.
Intracavity pump-probe adjustments can be straight forward. In one alternate embodiment, one of the cavity pulses is used as a pump pulse, and the other, as a probe pulse; the relative delay can be obtained simply by mov ing the sample away or toward a pulse crossing point. S energy E, in this example, is reflected into the gain medium 16 via focusing mirror 18 and the gain medium 16 lases along path 12. Mirrors 20 and 22 may be em ployed advantageously to direct the laser emission from gain medium 16. The absorber 14 is located between mirrors 54 and 56 which focus the laser emission onto the absorber 14. The absorber 14 creates first and sec ond counterpropagating pulses 28 and 46 respectively. The first pulse 28 propagates in a counter clockwise direction around the path. 12 as indicated by arrow 26. The second pulse 46 propagates in a clockwise direction as indicated by arrow 47. In one example of the inven tion, pulses 46 and 28 comprise pulses each having a pulse duration of about 100 femtoseconds. The pulses propagate around the laser path at a rate of one pulse every ten nanoseconds. The semiconductor absorber 14 is located such that the counterpropagating pulses peri odically meet at the middle of the absorber 14. The index of refraction modulator 80 advantageously affects the index of refraction of one of the propagating pulses to change the affected path length. Thus, the lock-in phenomenon, wherein the two laser modes couple to gether, is avoided.
Those skilled in the art will understand that the type of laser used in the laser gyro 10 of the invention may advantageously be either a dye laser, titanium sapphire laser, or a semiconductor laser. The requirement being that the laser be able to create pulses of short duration such that only pulses propagating in one direction are modulated by the index of refraction modulator 80. This invention has been described herein in consider able detail in order to comply with the Patent Statutes and to provide those skilled in the art with the informa tion needed to apply the novel principles and to con struct and use such specialized components as are re quired. However, it is to be understood that the inven tion can be carried out by specifically different equip ment and devices, and that various modifications, both as to the equipment details and operating procedures, can be accomplished without departing from the scope of the invention itself.
What is claimed is:
1. A laser gyro having a laser source of laser energy, laser gain means for receiving the laser energy and for generating first and second counterpropagating laser pulses along a common optical path;
control means for detecting at least one of the pulses and for generating an index of refraction control signal representative of the detected at least one pulse; refraction varying means for varying the index of refraction of a segment of the optical path in re sponse to the index of refraction control signal such that the index of refraction of the segment of the optical path changes an optical path length for at least one laser pulse; and detector means for sensing a beatnote between the first and second propagating laser pulses. 2. A laser gyro according to claim 1, wherein the control means includes a photodiode connected to the refraction varying means, the photodiode generating the index of refraction control signal, the index of re fraction control signal being synchronized with at least one laser pulse, wherein the synchronization is tuned by selecting a length of the connection between the photo diode and the refraction varying means.
3. A laser gyro according to claim 2, wherein the photodiode includes an avalanche photodiode.
4. A laser gyro according to claim 3, further includ ing at least one prism positioned along the optical path such that pulse widths of the first and second counter propagating waves are compressed by the prism. 5. A laser gyro according to claim 1, wherein the control means includes a photodiode connected to the refraction varying means, the photodiode generating the index of refraction control signal, the index of re fraction control signal being synchronized with at least one laser pulse, wherein the synchronization is tuned by selecting a distance of the optical path from the photo diode.
6. A laser gyro according to claim 1, wherein the laser pulses once every 10 nanoseconds. 7. A laser gyro according to claim 1, wherein the first and second counterpropagating laser pulses are of a duration between 50 femtoseconds and 150 fem toseconds.
8. A laser gyro according to claim 1, wherein the detector means includes a photodiode. 9. A laser gyro according to claim 1, wherein the refraction varying means includes a Pockel cell. 10. A laser gyro according to claim 9, wherein the Pockel cell includes a crystal.
11. A laser gyro according to claim 9, wherein the Pockel cell includes a semiconductor material.
12. A laser gyro according to claim 9, wherein the Pockel cell includes an electro-optic material.
13. A laser gyro according to claim 9, wherein the control means is integrally connected to the Pockel cell.
14. A laser gyro according to claim 9, wherein the control means includes means for directing a pulse from the optical path to a pulse sensor integrally connected to the Pockel cell, the pulse sensor including means for generating the index of refraction control signal as a modulating voltage to modulate the index of refraction of the Pockel cell, the directing means having an optical path length such that the index of refraction of the Pockel cell is modulated as one of the pulses passes therethrough, whereby the effective path length of each counterpropagating pulse is sufficiently different to avoid lock-in at low relative rotation rates. 
